We show that a large contribution to tensor modes during inflation can be generated by a spectator scalar field with speed of sound lower than unity.
The existence of gravitational waves (GW's) is a robust prediction of general relativity [1] . Several detectors varying in range and sensitivity currently exist which are probing the sky in search for such a signal. However hard the detection might prove to be, there is no shortage in the literature of possible mechanisms as to how to generate gravitational waves. The timing might also vary: in the early universe for example, GW's could have been produced by bubble collisions during first order phase transitions [2, 3] , by cosmic defects [4, 5] , as well as after inflation, during the reheating stage [6] . Quite in general, the study of gravitational waves represents a formidable window on the physics of early universe.
In this paper we focus on the tensor modes production during inflation. It is well known that during inflation scalar and tensor modes are generated by initial quantum fluctuations at small scales at the linear level [7] . In particular, tensor modes are generated with an amplitude proportional to the Hubble rate H during inflation and they might show up in the B-mode polarization of the cosmic microwave background radiation anisotropies [8, 9] which is one of the main targets of the Planck mission [10] . Within single-field models of inflation, there is a well-defined prediction for the tensor-to-scalar ratio, r ∼ , where , defined by the relationḢ = − H 2 , is one of the slow-roll parameters.
Nevertheless, and most likely, the inflaton field was not the only scalar field dynamically excited during the inflationary stage. On the contrary, when rooted in high energy physics models, active scalar fields are ubiquitous during inflation, the only condition being that their mass is smaller than the Hubble rate H during the inflationary stage. In this paper we are concerned with what is called a spectator field σ, that is, a light field that plays no role whatsoever in the inflationary dynamics, neither at the background level (it does not give a significant contribution to the energy density during or after inflation) nor at the level of generating the final curvature perturbations (which we assume to be predominantly sourced by the inflaton field). The only non-trivial property we are assuming is that the spectator field has a speed of sound, c s , smaller than unity. The corresponding action reads
where a(τ ) is the scale factor in terms of the conformal time τ and the superscript stands for derivative with respect to it. This action can be easily obtained if we imagine to start from a Lagrangian for the scalar which is of the form P (X, σ), where X = (1/2)g µν ∂ µ σ∂ ν σ, and c s = ∂ X P/(∂ X P + 2X∂ 2 XX P ) [11] . The properly normalized wave functions of the σ k are given by
and its power spectrum on super-Hubble scales during inflation is
The assumption that the contribution to the curvature perturbation ζ mainly comes from the inflaton field amounts to imposing that
where r σ ≈ ρ σ /ρ γ is the ratio between the energy density of the spectator field and the total density at the time of the decay of the field σ, which we assume to take place during the radiation phase after inflation. If we suppose that the potential of the spectator field is simply
, where σ is the vacuum expectation value of the spectator field and M p is the reduced Planck scale. Eq. (4) imposes
Assuming that the spectator field decays promptly after inflation, r σ ∼ < 1, the above condition is not particular stringent even if σ ∼ M p . At the same time, this assumption will also also suppress the non-Gaussianity induced by the spectator field
where in deriving the last relation we have used the condition (5 
where H = a /a andT m ij is the standard projector operator expressed in terms of the polarization vectors e i ( k) and e i ( k) orthogonal to k
The point is that, despite one has to pay a second-order effect, the contribution to the tensor modes is inversely proportional to (some power of) c s . This happens because the spectator field fluctuations freeze-in at a comoving length scale k −1 ∼ c s τ which is much smaller than the comoving Hubble radius. Notice that the generation of tensor modes at second-order either through the curvature perturbation themselves [12, 13] or through the curvaton field [14, 15] has been studied in the literature.
First, we look at the classical solution by using the appropriate Green's function g k (τ, τ ) for the equation
The solution takes the form
where for a(τ ) = −1/Hτ we have assumed the usual inflationary behaviour. The general solution for h k (τ ) is then
with
S k (τ ) being the Fourier transform of the source. We now explicitly write the source in Fourier space and proceed to quantization. What we are after is the tensor power spectrum
Proceeding in the standard fashion, one obtains
. (14) We perform first the τ integral below and then tackle the calculation over the momentum. The conformal time integral can be performed analytically, we give the explicit result just below. The change of variables p ≡ ky/c s ; | k − p| ≡ kx/c s has been employed,
Note that, after the change of variables, the c s dependence inside the integral is simply encoded within just one factor, it is a contribution originating from the angular sin 4 θ term. Schematically, we can write Eq. (15) as
This simple compact expression shall suffice for our upcoming discussion on the momentum integral. The function F encodes the τ -integral result and should be thought of as a well behaved function in the (x, y) plane so that all the focus is on the denominator. In previous analysis, see for instance Refs. [12] [13] [14] , the sound speed c s was equal to unity, meaning that the set of (x, y) points for which the divergence in the denominator played a role was zero measure and therefore unimportant. In our case things are quite different, as an entire interval in the plane makes the denominator vanish. Indeed, the general expression for the denominator above is
and, when c s < 1, it becomes possible to cross the x+y = 1 line. This fact has a simple physical interpretation that will help us handle the integrals in Eq. (15) . Our setup consists of two types of particles, gravitons and the spectator fluctuations, with different speeds of sound. It is a known effect that, given the appropriate interaction, the slower particle can radiate (think of Cherenkov radiation). In our case what takes place is that the graviton is sourced by the σ-particles. That is why the resonances show up in what is basically the graviton two-point function. This σ-radiation could be treated as it is normally done with soft photons: by summing up all their loop contributions and showing the result is finite.
One might also take a different approach, by making use of a natural cutoff for these modes; quite simply, the suggestion comes from the c s = 1 discussion above: one simply needs to require c s p + c s | k − p| ≥ k. This condition is clearly automatically satisfied if c s = 1, it is indeed the Cauchy-Schwarz inequality in that case. One could in principle later calculate the exact effect of these resonances but, considering we are interested in the graviton two-point function, it is expected that the σ-radiation is resummed into a finite, small contribution. In what follows we opt for the "hard cut off" solution. One might object that, in forbidding access to the region complementary to c s p+c s | k− p| ≥ k we are not simply disposing of the resonance, but also of the small (x, y) region where the resonance itself is not present. It is straightforward to show (we verified this numerically for the whole interval of c s values) that the contribution of that region represents a small correction to the overall numerical result.
Another fact which is suggestive of this resonance interpretation is that the appearance of the spike in the integral can be controlled by varying the lower τ integration extremum. If we set the generic lower bound (one eventually sets it to be −∞, projecting onto the vacuum via the (1 − i ) factor) to be −M , as M increases, we see the appearance with time of the spike. This suggests it takes time for the effect to build up, as one would expect.
Having discussed above how to deal with the analytical τ integration we now take on the rest numerically, see Fig.  1 . What we are after is the c −n s dependence, something which is ultimately responsible for the enhancement effect on the gravitational waves spectrum. Naively, from simple counting arguments one would conclude that the enhancement is of order 1/c 4 s . Performing the numerical integration slightly modifies this educated guess: we have found that, to a good approximation, n 18/5, see Fig.  2 . It is also useful to point out that, once all variables are taken to be dimensionless, the k-dependence disappears, as it should. The final power spectrum of tensor modes on super-Hubble scales generated by the spectator field is nearly scale-invariant and its amplitude is
where a careful inspection of the numerical results reveals that the numerical factor is c 3. Notice also that this result might change if more than one spectator field is present; roughly, one would have to multiply by the number of fields. For instance, if the spectator fields belong to a O(N )-multiplet and such a symmetry is not broken, one should multiply the result (18) by a factor N if all the corresponding sound speeds are of the same order of magnitude (otherwise the dominant contribution would come from the smallest of the sound speeds). One can also calculate the ratio (T σ /S) between the tensor mode power spectrum sourced by the spectator field and the curvature perturbation power spectrum
This ratio is larger than the standard tensor-to-scalar ratio T /S = 16 in single-field models of inflation, where the tensor modes are generated at the linear level, if c s ∼
−2 where we have used the upper bound H ∼ < 10 14 GeV set by the Planck data on the Hubble rate during inflation [16] .
One might also want to see how the tilt of the perturbation of the spectator field propagates (quadratically) onto the tensor mode spectrum. So far we have analyzed the generation of tensor modes in a de Sitter set-up with a massless spectator field. Taking into account that inflation takes place during a quasi de Sitter stage and that the spectator field has a tiny mass m, it is easy to convince oneself that the tensor modes power spectrum receives a small tilt n T ∼ 1 + 2 2m
where we have taken into account that the sound speed might also slowly vary during inflation. The spectrum can therefore be blue, contrary to the spectral index from the standard contribution which is always red, n T = −2 . Our results might be soon relevant as the next Planck data release, about one year from now, is supposed to focus on the B-mode polarization of the cosmic microwave background anisotropies and this observable might turn out to be a way of testing, albeit indirectly, the presence of spectator fields during the inflationary epoch.
